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Highlights 
 Arabinoxylan and β-glucan gels were synthesised by cryo-gelation. 
 The physical cryo-gelation process determines the final microstructure. 
 Both polysaccharides are co-localised in the gel network. 
 Cryogels show a high degree of elasticity. 
 Cryogels have similar compression behaviour independently of the ratio AX: β-
glucan. 
 
Abstract 
The interactions between heteroxylans and mixed linkage glucans determine the 
architecture and mechanical properties of cereal endosperm cell walls. In this work 
hydrogels made of cross-linked arabinoxylan with addition of β-glucan were synthesised by 
cryogelation as a biomimetic tool to investigate endosperm walls. Molecular and 
microstructural properties were characterised by nuclear magnetic resonance (13C NMR), 
scanning electron microscopy (SEM) and immunolabelling/confocal laser scanning 
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microscopy (CLSM). The response to mechanical stress was studied by compression-
relaxation experiments. The hydrogels consisted of a scaffold characterised by dense walls 
interconnected by macropores with both hemicelluloses co-localised and homogeneously 
distributed. The gels showed a high degree of elasticity reflected in their ability to resist 
compression without developing cracks and recover 60-80% of their original height. Our 
results highlight the compatibility of these hemicelluloses to coexist in confined 
environments such as cell walls and their potential role in determining mechanical 
properties in the absence of cellulose.  
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1. Introduction 
The endosperm walls of cereals such as oat, rye, wheat and barley are particularly unusual in 
that they consist of mainly two hemicelluloses namely arabinoxylan and (1,3;1,4) β-glucan, 
with very low amounts of cellulose and other hemicelluloses such as xyloglucans and 
glucomannans, major components in the cell walls of other tissues and plants (Burton, Gidley 
& Fincher, 2010). Although the chemical composition of endosperm cell walls is well 
established, the interactions between the components and their role in cell wall properties 
requires further investigation. Due to the large consumption levels of cereals, arabinoxylan 
and β-glucan are a major part of the fibre content in most human diets with demonstrated 
health related properties. A better understanding of cell wall architecture and properties will 
aid processing practices to enhance nutritional value of foods and reduce underutilized 
agricultural by-products. 
The composition and structure of (1,3;1,4) β-glucans vary for different plant species, but are 
all linear homo-polysaccharides of D- glucopyranosyl residues connected by β-(1, 3) and β- 
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(1, 4) linkages, with single (1, 3) linkages separating blocks of consecutive (1, 4) connected 
oligomeric cellulose-like segments in the chains (Lazaridou & Biliaderis, 2007). Certain β-
glucans at high concentrations can form intermolecular networks over time (Lazaridou & 
Biliaderis, 2007). Repeated cycles of freezing (-18°C, 24 h) and thawing (5°C, 24 h) can 
result in β-glucan cryogels produced by the aggregation of polymeric chains caused by 
freeze-concentration (Lazaridou & Biliaderis, 2004). Arabinoxylans are heteroxylans with a 
linear backbone of β-(1, 4)-linked D-xylopyranosyl groups, and α-L-arabinofuranosyl groups 
connected with the backbone through O-3 and/or O-2 positions of the xylose residues, with 
some further connected on O-5 by ester bonds to ferulic acid (Ebringerova, 2005). Their fine 
structure depends on cereal source (Burton & Fincher, 2014). Arabinoxylans can form gels 
with the help of certain oxidizing agents, such as laccase/ O2 and peroxidase/H2O2 (Figueroa-
Espinoza & Rouau, 1998) creating diferulic acid cross-links. Possible hydrogen bond 
interactions between arabinoxylans and β-glucans have been reported between the 
unsubstituted regions of xylan chains and cellulose-like β-(1:4)-linked fragments from the β-
glucan chains (Izydorczyk & MacGregor, 2000). The extent of cross-interactions between 
arabinoxylans and β-glucans in the plant cell walls might contribute to the extractability and 
solubility of these polysaccharides and, in addition, to the overall cell wall architecture and 
properties. 
Due to the complexity of plant materials, simplified models of cell walls are required to 
investigate polysaccharide assembly and function. In this work we produced arabinoxylan 
and β-glucan gels as a biomimetic tool to investigate the role of these hemicelluloses in 
determining the architecture and mechanical properties of cereal endosperm walls. The 
hemicellulose gels were synthesised by cryo-gelation (Guan, Bian, Peng, Zhang & Sun, 2014; 
Lazaridou & Biliaderis, 2004; Zhang, Zhang & Wu, 2013), a physical process in which 
thermal cycles of freezing and thawing induce the formation of ice crystals which expel 
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polymers increasing their concentrations in the surroundings, forcing alignment of polymeric 
chains in close proximity which may lead to intermolecular associations. Upon thawing, the 
ice crystals melt leading to cryogels. The polymer network is reinforced during each freezing-
thawing cycle. In this study, cryogels with different compositions were synthesised by 
addition of increasing amounts of β-glucan to enzymatically crosslinked arabinoxylan. The 
molecular interactions and microstructure of the gels were characterised by 13C CP/MAS 
NMR, scanning electron microscopy (SEM), and immunolabelling in combination with 
confocal scanning laser microscopy (CSLM). The mechanical properties of the gels were 
studied by compression-relaxation tests in a stress controlled rheometer.  
2. Materials and methods 
2.1 Extraction and purification of arabinoxylan and β-glucan  
Arabinoxylan was extracted from a wheat arabinoxylan rich fraction (AXRF) (Penfords, 
Tamworth, NSW, Australia) following the method of Comino et al. (Comino, Shelat, Collins, 
Lahnstein & Gidley, 2013) with some modifications. First 100 g of AXRF was wetted with 
75% ethanol and dispersed in 1 L of Milli-Q water at 75oC with constant and intense stirring 
for 1 hour to obtain a homogenous slurry. The slurry was then centrifuged at 3300 g for 10 
minutes to remove starch and other insoluble components. The supernatant was collected and 
tested with KI for the presence of starch (some detected). The pH of the supernatant was 
adjusted to 5.0 with 1 M HCl, 10 ml of 0.2% (w/v) bentonite was added per 100 ml 
supernatant and mixed at 25°C with stirring for 30 minutes. The mixture was then centrifuged 
at 3300 g for 10 minutes to separate the protein absorbed onto the bentonite. The pH of the 
supernatant was then adjusted to 7.0 with 1M NaOH. The supernatant was incubated with 
α-amylase (Bacillus licheniformis, 3,000 U/ml, thermostable, Megazyme International, 
Wicklow, Ireland) at 70oC for 3 hours followed by 30 minutes at 80oC to deactivate the 
enzyme. Once the sample was cooled, the pH was adjusted to 5.0 and the step to remove 
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protein by bentonite absorption followed by centrifugation was repeated. The supernatant was 
tested with KI to check for the presence of starch (none was detected). The pH of the 
supernatant was adjusted to 7.0 and ethanol absolute was added to the supernatant to a final 
concentration of 70% (v/v) under gentle stirring. The supernatant was decanted and the 
precipitated arabinoxylan was collected and washed twice with ethanol and twice with 
acetone. The obtained solid was air dried overnight and its purity analysed by 1H NMR and 
monosaccharide analysis. 
β-glucan was purified from B-CANTM oat β-Glucan (70% β-glucan, Garuda International, 
Lemon Cove, CA, USA). A 3% (w/v) solution was prepared by dissolving B-CANTM oat β-
glucan in 100 mL of Milli-Q water with constant and intense stirring at 85°C for 4 hours. The 
solution was purified by vacuum filtration to remove insoluble solids and the purity of the 
remaining material assessed by 1H NMR and protein analysis.  
2.2 Chemical analysis of extracted arabinoxylan and β-glucan  
2.2.1 Monosaccharide analysis 
The composition of the extracted arabinoxylan was analysed following the method by 
Pettolino et al. (Pettolino, Walsh, Fincher & Bacic, 2012) with some variations described 
elsewhere (Lopez-Sanchez, Schuster, Wang, Gidley & Strom, 2015). Compositions were 
calculated from individual sugar contents on the basis of dry weights.  
2.2.2 1H-NMR 
5 mg of arabinoxylan or β-glucan was dissolved at 80°C overnight in 650 µL of d6-DMSO 
containing 0.5 wt % LiBr (Schmitz, Dona, Castignolles, Gilbert & Gaborieau, 2009). When 
the samples were cooled to room temperature, sodium 3-(trimethylsilyl) propionate-2,2,3,3-d4 
(TSP) in D2O was added as an internal standard. The addition of 50 µL of d1-TFA directly 
before each measurement moved the HOD peak downfield of the carbohydrate anomeric 
region simplifying spectral interpretation (Tizzotti, Sweedman, Tang, Schaefer & Gilbert, 
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2011). NMR spectra were measured on a Bruker Avance 500 MHz spectrometer (Bruker, 
Billerica, MA, USA) operating at 298K equipped with a 5 mm PABBO probe using a 12 µs 
90° pulse, 3.91 s acquisition time, a 1s relaxation delay and 64 scans.  
2.2.3 Protein analysis 
Elemental microanalysis for C, H, N and S was performed using a Flash 2000 CHNS/O 
analyser by Thermo Fisher Scientific (Waltham, MA, USA). Protein content was derived 
from the percentage nitrogen in the sample and use of the conversion factor for wheat starch 
protein of 5.47 (Fujihara, Sasaki, Aoyagi & Sugahara, 2008). 
2.2.4 Total phenolic acid profile by GC-MS 
The phenolic content of the extracted arabinoxylan was determined following the method 
described elsewhere (Comino, Collins, Lahnstein, Beahan & Gidley, 2014). Samples were 
resuspended in dichloromethane (DCM) before injection onto a GC-MS fitted with a CP SIL 
5 column (Agilent Technologies Australia Pty Ltd; Mulgrave, Victoria, Australia). 
2.3 Preparation of cryogels 
Solutions of 4% (w/v) arabinoxylan and 3% (w/v) β-glucan were prepared by dissolving the 
relevant amount of powder in Milli-Q water under intense stirring at 60ºC and 85ºC for 
arabinoxylan and β-glucan respectively. These concentrations were selected to have closely 
matching viscosities, 0.17 ± 0.05 Pa.s for 3% (w/v) β-glucan and 0.15 ± 0.01 Pa.s for 4% 
(w/v) arabinoxylan. To aid gelation of arabinoxylan by crosslinking of ferulic acid, the pH of 
the 4% arabinoxylan solution was adjusted to 5.0 with 1 M HCl and incubated with 0.12 
mg/mL laccase (Laccase Trametes versicolor, 12.9 U/mg, Sigma-Aldrich, Castle Hill, NSW, 
Australia) at 25 º C for 60 minutes (Figueroa-Espinoza & Rouau, 1998). Mixed gels were 
produced by adding 3% β-glucan solution to 4% arabinoxylan/laccase solution in different 
ratios. The content of (1,3;1,4)-β-glucans in the endosperm cell wall varies from zero to more 
than 45% depending on the grass species (Burton & Fincher, 2014). We selected 1:0.5, 1:1, 
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1:2 and 1:3 arabinoxylan:β-glucan ratios to investigate the effect of increasing amounts of β-
glucan on the microstructure and material properties of these cell wall simplified models, 
with the intention of covering a broad range of plant cell walls. For instance the ratio 1:3 
approximates the arabinoxylan:β-glucan ratio in oat and barley endosperm cell wall.  The 
mixture was stirred for 10 minutes, and the cooled solution (one or two components) was 
then poured into in-house made cylindrical moulds (1 cm diameter and 1.5 cm height). The 
moulds were then kept at -18 ± 1ºC for 24 hours, and subsequently transferred to 4 ± 1oC for 
24 hours. These temperatures/time settings were defined as one freeze-thaw cycle. Cryogels 
were collected after 3 cycles by carefully removing them from the moulds and stored at 4ºC.  
 
2.4 Chemical and molecular structural characterization of cryogels by 13C NMR 
The rigid components of the cryogels were examined using solid-state 13C CP/MAS NMR at a 
13C frequency of 75.46 MHz on a Bruker MSL-300 spectrometer (Bruker, Billerica, MA, 
USA). For all samples, the rotor was spun at 5 kHz at the magic angle (54.7°). The 90° pulse 
width was 5 μs and a contact time of 1ms was used for all samples with a recycle delay of 3 s. 
The spectral width was 38 kHz, acquisition time 50 ms, time domain points 2 k, transform size 
4 k and line broadening 50 Hz. At least 20,000 scans were accumulated for each spectrum. 
Spectra were referenced to external adamantane. The level of β-glucan crystallinity in each 
sample was determined by calculating the ratio of areas of the C1 peaks at 103.6 ppm (non-
crystalline) and 105.6 and 108.2 ppm (crystalline) (Morgan, Roberts, Tendler, Davies & 
Williams, 1999). 
2.5 Scanning electron microscopy (SEM)  
Prior to microscopy observation the cryogels were freeze dried at -75°C and 110 µbar (VirTis 
Benchtop 4K, SP Industries, Inc., Warminster, PA) for 48 hours. Freeze dried samples were 
cut in half and the inside surface was imaged. Samples were prepared following the method 
8 
 
described by Lin et al. (Lin, Lopez-Sanchez & Gidley, 2016) and imaged in a JSM 7100 F 
scanning electron microscope (JEOL, Tokyo, Japan). Image analysis was carried out using 
Image J software (Schneider, Rasband & Eliceiri, 2012). Ten pores were randomly selected 
per image and 4 images at two different magnifications were analysed per sample. The 
average pore size and standard deviation were calculated. 
2.6 Immunolabelling/confocal laser scanning microscopy 
A 2 mm slice was cut from the freeze dried cryogels and half of it immunolabelled following 
the method by Comino et al. (Comino, Collins, Lahnstein, Beahan & Gidley, 2014) with 
some modifications. Labelling was performed in Eppendorf tubes. The primary antibody for 
arabinoxylan (LM 11, monoclonal antibody to (1-4)-β-D-xylan/arabinoxylan, Rat lgM, 
Plantprobes, Leeds, UK) was added (1:20 in blocking buffer) and incubated for 15 min at 
25°C, followed by the addition of 100 µL of the primary antibody for β-glucan (monoclonal 
antibody to (1-3,1-4)-β-glucan, mouse, IgC, Kappa light, Biosupplies Pty Ltd Parkvilles, 
Victoria, Australia) at a dilution of 1:50 in blocking buffer, and incubated for 2 hours at 
25°C. After washing and prior to addition of secondary antibodies the samples were kept in 
500 µL of blocking buffer for 30 min. The arabinoxylan secondary antibody used was 
Alexafluor 594 (antirat, Life technologies, OR, USA) at a dilution of 1:50 in blocking buffer 
and the β-glucan secondary antibody was Alexafluor 488 (antimouse, Life technologies, OR, 
USA) at 1:60 in blocking buffer. A final wash with deionised water was carried out before 
mounting the samples onto a microscope slide. After this, samples were observed using a 
CLSM instrument (LSM 700, Carl Zeiss, Jena, Germany). All CLSM observations were 
conducted at room temperature under a 10x objective lens. Six images per sample were taken. 
2.7 Size exclusion chromatography (SEC) 
The weight-average molecular weights (ܯഥ୵(logܴ୦)) of the samples were determined by an 
Agilent 1100 Series SEC system (PSS GmbH. Mainz, Germany) in a dimethylsulfoxide and 
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LiBr (DMSO/LiBr) solvent system. The system was composed of an online degasser, pump, 
automatic injector and a series of columns. The columns used consisted of a GRAM 
preColumn, 100 and 1000 columns (PSS GmbH. Mainz, Germany) in series, in a column 
oven at 80οC at a flow rate of 0.6 mL min-1. The system was equipped with multiple laser 
light scattering (MALLS; BIC-MwA7000, Brookhaven Instrument Corp., New York, U.S.A.) 
detection followed by parallel flow into a refractive index detector (RID; Shimadzu RID-
10A, Shimadzu Corp., Japan). Pullulan standards (PSS GmbH, Mainz, Germany) with a 
molecular weight range of 342 to 1.66 x 106 Da, were dissolved directly into the eluent and 
run through the system to generate a universal calibration curve, allowing the determination 
of the hydrodynamic volume from elution volume. The Mark-Houwink parameters for 
pullulan in DMSO/LiBr (0.5 % wt) at 80οC are K = 2.427 x 10-4 dL g-1 and a = 0.6804 
(Kramer and Kilz, PSS, Mainz, private communication). The value of the differential 
refractive index for the samples in this system were taken to be the same as pullulan 
(measured by PSS, Mainz), dn/dc = 0.0722 mL g-1. This value was used as the individual 
dn/dc values of the samples were unknown, although it is know that these samples are 
essentially linear. The size dependences of the ܯഥ୵(logܴ୦), can be obtained from combined 
MALLS and concentration detectors (DRI). Light scattering provides absolute weight-
average MW size in solution and the intensity of the light scatted by the macromolecule is 
dependent on both concentration and MW (Vilaplana & Gilbert, 2010). Fitting SEC-MALLS-
DRI data assumes infinitely dilute concentration in each slice of elution volume, so modified 
Zimm methods, suitable for smaller polysaccharides, were used to evaluate the values of the 
weight-average MW. Once the signals were obtained as a function of elution time for each of 
the DRI and MALLS detectors (MALLS also being a function of angle θ); 
ܵୈୖ୍(௏౛ౢ) and ܵ୑୅୐୐ୗ(௏౛ౢ,஘), the ܯഥ୵ (logܴ୦) of the samples at each hydrodynamic volume 
were calculated using the following equation: 
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2.8 Rheological and mechanical testing  
The viscosity of the hemicellulose solutions and the mechanical properties of the cryogels 
were measured in a stress controlled rheometer (TA AR G2, TA instruments, New Castle, DE, 
USA) with 40 mm titanium parallel-plates. For the viscosity measurements a gap of 250 µm 
was used. A steady state flow test from 0.05 to 20 Pa was applied. Three replicates were 
measured. Cryogels were placed in the centre of the bottom plate and the gap was then 
adjusted by lowering the top plate until it reached the surface of the cryogel, as judged by a 
rise in the normal force. Samples were compressed at a speed of 10 μm/s until a gap of 2 ± 
0.5 mm was reached. Every 2.5 mm the compression test was stopped and a small amplitude 
oscillatory shear test (1Pa, 1Hz, 5 minutes) was conducted to determine the viscoelastic 
properties of the samples at different height/strain. The normal force was also recorded 
during the oscillatory test. From the slope of stress-strain curves, the axial compression 
modulus E was calculated between strain values of 0.2-0.4. Between 3 and 8 replicates were 
measured to assure reproducibility. The height, diameter and weight of the samples were 
noted before and after each test. 
2.9 Statistical analysis 
Statistical analysis was performed using Minitab 17 statistical software (Minitab Inc.,USA ). 
Samples were compared using one-way analysis of variance (ANOVA) followed by the 
Tukey post-hoc test. A P value <0.05 was considered significant.  
3. Results and discussion 
3.1 Chemical composition of the extracted arabinoxylan and β-glucan  
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The 1H NMR spectrum of β -glucan showed only one major peak at 4.38 ppm with a shoulder 
at 4.51 ppm. Arabinoxylans and starch are common contaminants in β -glucan preparations 
but in the region 4.8-5.1ppm where these peaks are expected, only very small peaks are 
observed accounting for < 2% of total sugars (Lazaridou, Biliaderis, Micha-Screttas & Steele, 
2004). 1H NMR results showed a purity of 91% for β-glucan (average molecular weight 79.3 
kDa, measured by SEC) with 1.3% protein and approximately 5% water. The purified 
arabinoxylan sample contained 34.2% arabinose, 61.2% xylose, 0.8% galactose and 3.8% 
glucose from monosaccharide analysis. The 1H NMR signals were assigned based on 
literature values (Hoffmann, Geijtenbeek, Kamerling & Vliegenthart, 1992; Hoffmann, 
Leeflang, Debarse, Kamerling & Vliegenthart, 1991). The apparent arabinose:xylose ratio 
from NMR was 0.52, similar to the monosaccharide analysis ratio of 0.56, and characteristic 
of wheat endosperms (Izydorczyk & Biliaderis, 1995). From integration of NMR signals, 
14% of the xylose was monosubstituted, 18% disubstituted and 68% unsubstituted. Some 
minor peaks are also observed in the anomeric region between 4.9 and 5.0 ppm accounting 
for <1% of the total sugars present. An arabinogalactan peak is observed at 5.33 ppm 
accounting for < 1% of the total arabinose. The sample also contained some insoluble 
material and ca. 15% water. No residual starch was observed in the arabinoxylan spectrum 
and the mono and disubstitution pattern is typical of wheat arabinoxylan (Hoffmann, 
Geijtenbeek, Kamerling & Vliegenthart, 1992). Total phenolics content was 0.34 ± 0.02 
µg/mg being 99.25% ferulic acid and 0.75% p-coumaric acid, similar values to those 
previously reported for wheat flours (Rattan, Izydorczyk & Biliaderis, 1994). The average 
molecular weight of the arabinoxylan was 252 KDa, in agreement with previously reported 
Mw (Gunness, Williams, Gerrits, Bird, Kravchuk & Gidley, 2016). 
3.2 Cryogelation of arabinoxylan and β-glucan solutions 
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Cryogels were obtained after 3 cycles from 3% (w/v) β-glucan, the average gel height was 
9.9 ± 0.3 mm and the average diameter 9.0 ± 0.3 mm, and they were able to withstand their 
own weight. No cryogels were obtained from 4% (w/v) arabinoxylan solution, with a similar 
viscosity to the 3% (w/v) β-glucan solution, indicating that whilst β-glucan was able to form 
inter-chain connections leading to a gel network, arabinoxylan of similar solution viscosity 
was not able to create gels by cryo concentration, likely due to the interference of the 
arabinose sidechain substituents. Enzymatically crosslinked arabinoxylan showed an increase 
in viscosity to 30 ± 3 Pa.s (at 1s-1) and changed from Newtonian to shear thinning behaviour 
(supplementary material Figure S2) indicating the formation of a weak network. 
Enzymatically crosslinked arabinoxylan was able to produce cryogels after 3 cycles that were 
similar in appearance to the β-glucan cryogels but were more unstable over time, with release 
of liquid observed on standing. Instability of oxydatively cross-linked arabinoxylan gels have 
been previously reported by Carvajal-Millan et al. (Carvajal-Millan, Guigliarielli, Belle, 
Rouau & Micard, 2005). All mixed arabinoxylan:β-glucan cryogels were macroscopically 
similar amongst themselves and to the β-glucan cryogels. 
3.3 Molecular characterisation 
Solid state 13C CP/MAS spectra were recorded for the β-glucan cryogels, arabinoxylan 
cryogels and mixed cryogels with the highest and lowest β-glucan ratio (1:3 and 1:0.5 
arabinoxylan:β-glucan). All samples were in the hydrated form so only the rigid components 
of the cryogel would be observed in the 13C CP/MAS spectrum (Figure 1). Following the 
method of Morgan et al (Morgan, Roberts, Tendler, Davies & Williams, 1999) it was 
possible to calculate the percentage crystallinity of the β-glucan cryogels. The crystallinity of 
the pure β-glucan gel was 45% and that of the mixed 1:3 arabinoxylan:β-glucan gel was 40%. 
Although the absolute crystallinity value decreased in the presence of arabinoxylan, the error 
of the fitting and calculation is ± 2% so the difference is minor. When the concentration of 
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arabinoxylan in the gel increased for the 1:0.5 arabinoxylan:β-glucan gel, arabinose and 
xylose peaks were also observed in the 13C CP/MAS spectrum at 107.8 and 100.4 ppm 
respectively. While the arabinoxylan peaks prevent the calculation of crystallinity, they offer 
interesting insights suggesting that depending on the concentration and presence of other 
polymers arabinoxylan can become rigid and thereby observable under CP/MAS conditions. 
This is in contrast to pure arabinoxylan which shows very little signal in the CP/MAS 
spectrum (Figure 1).  
 
Figure 1. 13C CP/MAS NMR spectra of arabinoxylan and β-glucan cryogels.  
 
3.4 Microstructural properties 
After freeze drying the cylindrical shape of the cryogels remained, suggesting a robust 
network structure. Under SEM (Figure 2) the cryogels appeared as macroporous structures 
with interconnected pores of various sizes. The morphology of the cryogel network is related 
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to the way pores are formed during the cryogelation process. In the cryogels, pores are 
formed before the onset of gelation due to the ice crystal formation. The pores are separated 
from each other by thick walls of polysaccharide network due to the cryo-concentration 
during gelation which produces a high concentration of polysaccharide in the pore walls. 
These physically crosslinked gels are stabilised by inter- and intra-chain hydrogen bonds in 
the junction zones of the polymeric network. Similar microstructures have been previously 
reported for cryogels of different materials such as chitosan (Berillo, Mattiasson & Kirsebom, 
2014), hemicelluloses/PVA/chitin nanowhiskers (Guan, Bian, Peng, Zhang & Sun, 2014), 
silk fibroin (Ak, Oztoprak, Karakutuk & Okay, 2013) and hyaluronic acid (Strom, Larsson & 
Okay, 2015). Phase separation between two polysaccharides can occur depending on their 
molecular and structural properties; phase separation between highly substituted arabinoxylan 
(Ara:Xyl = 0.73) but not lower substitutions (Ara:Xyl = 0.53 or 0.33) and β-glucan has been 
reported when composite films were cast (Ying, Saulnier, Bouchet, Barron, Ji & Rondeau-
Mouro, 2015). In our experiments we used a low substituted arabinoxylan (Ara:Xyl ratio = 
0.5) and oxidatively cross-linked it, and found no phase separation but did detect 
rigidification in the presence of β-glucan as measured by 13C NMR. Whether this 
rigidification is due to direct interactions between arabinoxylan and β-glucan chains or 
reflects restricted motion caused by inter-penetrating arabinoxylan and β-glucan networks 
cannot be determined directly, although there is no positive evidence from either microscopy 
or chemical shift changes in 13C NMR for direct chain interactions.  
Previous studies by Comino et al. (Comino, Collins, Lahnstein, Beahan & Gidley, 2014) have 
shown that there was no difference in the DP3/DP4 ratio for β-glucan that was solubilized or 
retained in cell walls. The DP3/DP4 ratio seems to affect how easy it is for β-glucan to 
aggregate once dissolved but does not seem to be related to the solubility from cell walls. In 
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this work high soluble oat β-glucan was used, β-glucan with a different DP3/DP4 ratio may 
have an effect on aggregation of β-glucan and its distribution in the cryogels. 
 
Figure 2. Scanning electron micrographs of freeze-dried cryogels a) arabinoxylan (AX), b) β-
glucan, c) 1:0.5 AX:β-glucan, d) 1:1 AX:β-glucan, e) 1:2 AX:β-glucan and f) 1:3 AX:β-
glucan. Scale bar represents 100 µm. 
Image analysis revealed that the arabinoxylan cryogel had the largest pores with an average 
size of 276.5 ± 42.4 µm and the β-glucan the smallest pores 140.2 ± 19.2 µm (Table 1). In the 
mixed gels pore size decreased with increasing amounts of β-glucan from 200.4 ± 21.1 µm 
for the 1:0.5 AX:β-glucan to 148.0 ± 24.9 µm for the 1:3 AX:β-glucan, although the 
differences were not always statistically significant. 
 
Table 1.Average and standard deviation pore sizes for cryogels. Samples with different 
superscripts are significantly different. 
Cryogel Arabinoxylan  β-glucan 1: 0.5 
Ara: βG 
1:1 
Ara: βG 
1:2 
Ara: βG 
1:3 
Ara: βG 
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Pore size/µm  276.5 ± 42.4 a 140.2 ± 19.2 e 200.4 ± 21.1 b 176.6 ± 31.2 b,c 168.9 ± 29.1 c,d 148.0 ± 24.9 d,e 
 
CSLM immunolabelling was used to evaluate the distribution of the two hemicelluloses 
within the cryogels (Figure 3). There was no detectable fluorescence from the arabinoxylan 
cryogel in the presence of the β-glucan antibody or for the β-glucan cryogel with the 
arabinoxylan antibody. Both antibodies could be observed in the mixed cryogels indicating 
co-localisation of both components in the wall of the pores of the cryogels. No phase 
separation was observed, reflecting the compatibility of these two polysaccharides to coexist 
in confined environments, such as the endosperm cell wall. 
 
Figure 3. Confocal images of freeze-dried cryogels a) arabinoxylan (AX), b) β-glucan, c) 
1:0.5 AX:β-glucan, d) 1:1 AX:β-glucan, e) 1:2 AX:β-glucan and f) 1:3 AX:β-glucan showing 
arabinoxylan (red), β-glucan (green) and co-localisation of arabinoxylan and β-glucan 
(yellow-orange). Scale bar represents 100 µm. 
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3.5 Mechanical properties of arabinoxylan/β-glucan cryogels 
All cryogels showed a high degree of elasticity represented by the fact that they were able to 
resist a total compression of up to 80% without developing cracks. During compression, 
water was released from the gels preventing crack formation. Water was absorbed back after 
compression and the cryogels recovered 64-81% of their initial height and 56-75% of their 
initial weight (Figure 4a and 4b), although some lateral distortion was observed. All cryogels 
showed similar behaviour independently of their β-glucan content. It has been previously 
reported that cryogels from silk fibroin (Ak, Oztoprak, Karakutuk & Okay, 2013) have elastic 
behaviour and they do not fracture during compression, and similarly to the hemicellulose 
cryogels in the present study they immediately swelled during unloading. There were no 
significant differences in density of the gels before and after compression, with the exception 
of the 1:0.5 cryogels for which density increased 55% as a result of compression (Figure 4c).  
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Figure 4. Changes in height (a), weight (b) and density (c) after compression of 
arabinoxylan/β-glucan cryogels expressed as function of the percentage of β-glucan in 1:0, 
1:0.5, 1:1, 1:2, 1:3 and 0:1 arabinoxylan: β-glucan cryogels.  
Figure 5a shows representative compression curves for the different cryogels. Two regions 
can be differentiated, first a linear region at low strains indicating network mechanical 
stability followed by a steep increase at large strains corresponding to the compression of a 
less porous structure. Arabinoxylan cryogels were not able to withstand strains larger than 
19 
 
0.65 and they collapsed at higher strains. At 0.5 strain, 1:0.5 AX: β-glucan cryogels were the 
weakest reflected in the lowest average compression stress of 0.04 kPa (Table 2). The gels 
showing the highest resistance to compression at 0.5 strain were pure β-glucan and 1:3 AX: 
β-glucan with 0.88 and 0.55 kPa respectively. Previously reported compression stress values 
for pure oat β-glucan cryogels are of the same order of magnitude (Lazaridou & Biliaderis, 
2004). All other cryogels, including pure arabinoxylan, showed very similar compression 
stress behaviour independent of their β-glucan content. Similar trends were observed at a 
lower strain of 0.25. Statistical analysis showed that only 1:0.5 AX:β-glucan cryogels were 
significantly different to the others (Table 2) however, a trend in which the compression 
stress increased with a decrease in cryogels pore size could be observed. The smaller the pore 
size (1:0.5< 1:1<1:2<1:3< β-glucan) the larger the compression stress (1:0.5> 1:1>1:2>1:3> 
β-glucan). This behaviour could reflect the poroelastic nature of the cryogels (Lopez-
Sanchez, Rincon, Wang, Brulhart, Stokes & Gidley, 2014). As they are compressed, water in 
the pores generates pressure before it is squeezed out of the gels, that pressure will be greater 
in a microstructure with smaller pores than in one with larger pores, and contribute to the 
resistance to compression. The arabinoxylan cryogel did not follow this trend, this could be 
due to the fact that in these cryogels deformation of chemical crosslinks might be more 
relevant for the mechanics than water pressure generated during compression. 
 
Pure arabinoxylan and pure β-glucan cryogels showed the highest average E modulus (Table 
2) of 0.9 kPa and 1.5 kPa for arabinoxylan and β-glucan respectively. The data indicate that 
adding β-glucan in a 1:0.5 ratio decreased the elasticity of the arabinoxylan cryogels 
approximately one order of magnitude to 0.1 Pa. Increasing amounts of added β-glucan raised 
the E modulus to 0.4 Pa, 0.5 Pa and 0.7 Pa for 1:1, 1:2 and 1:3 Ara: β-glucan, however the 
differences were not statistically significant.  
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These results indicate that all cryogels behave in a similar manner under external mechanical 
stresses independent of their β-glucan content. The microstructure, pore size and density 
seemed to be controlled by the cryogelation process. It is expected that different conditions 
during cryogelation, such as number of cycles, would have an effect on ice crystal formation 
and therefore on the microstructures generated and the resulting mechanical properties of the 
cryogels.  
 
 
Figure 5. a) Representative compression stress-strain curves of arabinoxylan (AX) and β-
glucan cryogels compressed at 10 µm/s. b) Relaxation curves of samples compressed to 0.5 
strain. Between 3 and 8 replicates were measured per sample. 
 
Investigations of arabinoxylan and β-glucan films have shown that addition of β-glucan to 
arabinoxylan increased the tensile strength and elongation at break of the films, however 
there were no significant differences between pure β-glucan and mixed films, independent of 
the amount of β-glucan added (Sárossy, Tenkanen, Pitkänen, Bjerre & Plackett, 2013). 
Furthermore all films, including pure arabinoxylan and β-glucan showed a similar Young’s 
21 
 
modulus. Despite the differences between films and our hydrated cryogels, similarities in the 
effect of β-glucan addition can be found.  
 
Table 2. Compression stress at 0.25 and 0.5 strain and elastic modulus E of the cryogels. 
Average and standard deviation of 3-8 replicates. Different letters in a column denote 
significant differences. 
Sample Stress at 0.25 strain/kPa Stress at 0.5 strain /kPa E/kPa 
Arabinoxylan  0.13 ± 0.01 a, b 0.65 ± 0.31 a, b 0.9 ± 0.5 a 
β-glucan 0.35 ± 0.03 a 0.88 ± 0.17 a 1.5 ± 0.4a 
1:0.5 AX: β-glucan 0.05 ± 0.02 b 0.04 ± 0.01 b 0.1 ± 0.3 a 
1:1 AX: β-glucan 0.18 ± 0.11 a, b  0.41 ± 0.15 a, b  0.4 ± 0.9 a 
1:2 AX: β-glucan 0.26 ± 0.14 a, b 0.42 ± 0.12 a, b 0.5 ± 0.3 a 
1:3 AX: β-glucan 0.25 ± 0.16 a, b 0.55 ± 0.42 a, b 0.7 ± 1.5 a 
 
In Figure 5b it is shown that despite having similar compression behaviour, the relaxation of 
the cryogels varied. The relaxation curves following the first compression steps were noisy 
with normal forces below the sensitivity of the instrument, and these were not possible to 
analyse. Similarly the viscoelastic moduli results were also noisy due to water movement in 
the gels. After total compression (0.65 strain for arabinoxylan and 0.8 strain for the other 
gels) the normal force was 0.5 -1.5 N, close to the detection limit of the instrument, however 
the differences between the curves were larger than the experimental noise as can be 
observed in Figure 5b. The stress at each time point was normalised by the initial stress of 
each sample for better comparison. A fast and significant stress relaxation occurred in the 
arabinoxylan cryogel after it was deformed to 0.65 strain and held at this strain for 5 min, 
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throughout the holding period approximately half of the compression stress was relaxed. The 
relaxation rate was fast during the initial 75 s. Addition of β-glucan showed comparatively 
smaller stress relaxation of ca. 25% or less during the 5 min holding period, 1:3 AX: β-glucan 
relaxed less than 10%. This could indicate that β-glucan increases the stiffness of the 
networks and makes it more difficult to accommodate stress, however the pure β-glucan 
cryogel was able to relax 25% of the stress, suggesting that the presence of both polymers 
decreases the relaxation. The stress relaxation observed here is due to the structural 
deformation of the networks. Clearly, the crosslinked arabinoxylan network allows a much 
greater degree of stress relaxation than the H-bonded junction zone network. This suggests 
that arabinoyxlan networks were more flexible while the β-glucan were stiffer, consistent 
with the 13C NMR data (Figure 1).  
3.6 Advantages and limitations of cryogels as models for cereal endosperm cell-walls 
The plant cell wall is synthesised by the deposition of polysaccharides into the extracellular 
environment, from cells which are under active turgor pressure and therefore press against 
their neighbours. This limits the volume available and results in highly concentrated 
polysaccharide mixtures. For cellulose-containing cell walls, this process can be mimicked 
using bacterial cellulose deposited into a range of non-cellulosic polysaccharides, with 
resulting composites compressed to increase polymer concentrations (Lopez-Sanchez, 
Cersosimo, Wang, Flanagan, Stokes & Gidley, 2015; Lopez-Sanchez, Rincon, Wang, 
Brulhart, Stokes & Gidley, 2014). However, the cereal endosperm cell wall, as well as being 
of critical importance in the human food chain and to the efficient germination of cereal 
seeds, is very unusual in having very little if any cellulose. Instead the cell wall composition 
is dominated by arabinoxylans and β-glucans in different proportions depending on the cereal 
(Burton, Gidley & Fincher, 2010). Previous studies have used films cast from mixtures of 
isolated arabinoxylan and β-glucan to study the properties of high concentrations of mixtures 
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of the two polysaccharides (Sárossy, Tenkanen, Pitkänen, Bjerre & Plackett, 2013; Ying, 
Rondeau-Mouro, Barron, Mabille, Perronnet & Saulnier, 2013; Ying, Saulnier, Bouchet, 
Barron, Ji & Rondeau-Mouro, 2015). In this work, we add two new aspects to these studies. 
Firstly, we pre-form cross-linked networks of arabinoxylan as the current evidence suggests 
that this is relevant in vivo (Comino, Collins, Lahnstein, Beahan & Gidley, 2014; Saulnier, 
Sado, Branlard, Charmet & Guillon, 2007). Secondly we induce polymer concentration by 
cryo-gelation, which forces polymers together by their exclusion from ice crystals in a very 
approximate mimic of the concentration achieved by extracellular deposition of 
polysaccharides from adjacent turgid cells. 
The results obtained confirm a high level of compatibility of the two polymers even when 
one is pre-cross-linked (arabinoxylan) and one forms cryogels on its own (β-glucan). The 
main non-biological aspect is the temperature regime which has the consequence of forming 
β-glucan cryogels with crystallisation that has not yet been shown in cereal endosperm cell 
walls. However, the ready detection of crystallised β-glucan by 13C NMR will allow this to be 
tested on isolated cereal endosperm cell walls directly. 
4. Conclusions 
In this study arabinoxylan and β-glucan gels were synthesised by cryo-gelation as a 
biomimetic of endosperm cell walls. Our results aim at giving insights into the interactions of 
arabinoxylan and β-glucan in cereal walls and their role in mechanical properties. Cryogels of 
pure β-glucan were obtained after three freeze-thaw cycles. Arabinoxylan was not able to 
create cryogels by itself but did with the aid of laccase crosslinking of ferulic acid groups. 
Our results showed that the physical cryo-gelation process determines the final 
microstructure, a scaffold of macropores with diameters of 100-300 µm connected by thin 
walls of polysaccharides, typical of cryogels and with some similarities to plant tissue 
structures. Fluorescence immunolabelling in combination with confocal microscopy revealed 
24 
 
that both polysaccharides are co-localised in the pore walls. Similar compression behaviour 
and elastic properties were obtained for all cryogels independent of their β-glucan content. 
Cryogels showed a high degree of elasticity reflected by the fact that they did not crack under 
load and they recovered up to 80% of their initial height after compression. Relaxation 
experiments indicate that arabinoxylan gives flexibility to the networks whilst the presence of 
β-glucan increases their stiffness, both relevant properties for the cell wall to adapt to changes 
during growth and development. 
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